Background: Gliomas are aggressive tumors with various molecular and clinical characteristics and exhibit strongly resistance to radio-chemotherapy. Programmed cell death 1 ligand 2 (PD-L2) is a cell surface protein, which was reported in many cancers, modulating cancer-associated immune responses, while the role of PD-L2 in gliomas remained unclear. Herein, we aimed to investigate the biological behaviors and clinical prognostic values of PD-L2 in gliomas. Methods: Totally, we enrolled RNA sequencing data of 325 glioma samples from Chinese Glioma Genome Atlas (CGGA) as training cohort and RNA expression data of 1032 samples from The Cancer Genome Atlas (TCGA) dataset as validation cohort in this research. Then, the clinical and molecular characteristics, and the prognostic value of PD-L2 were analyzed. Results: We found that PD-L2 expression level was significantly upregulated in higher grade glioma and IDH wild-type glioma. Receiver Operating Characteristic (ROC) analysis revealed that PD-L2 was a potential indicator of mesenchymal subtype. PD-L2 exhibited tight relationship with immune response and immune-modulating process in glioma. Moreover, PD-L2 expression level could predict unfavorable prognoses of patients independent of age, grade, IDH status and 1p/19q status. Conclusions: Our study revealed that PD-L2 was closely related with inflammation and immune response. Patients with lower PD-L2 expression level tended to experience improved survival. Targeting PD-L2 may become a valuable approach for the treatment of gliomas in clinical practice.
Introduction
Gliomas account for the majority of primary malignant brain tumor in adults and can be diagnosed based on histopathology and molecular features according to the 2016 WHO classification. 1, 2 In the past decades, despite of the improvement of surgical, radio-and chemo-therapies, the treatment of glioma remains a tremendous challenge. 3, 4 Recently, immunotherapies, which took advantage of body's own natural defenses to fight cancer, dramatically changed treatment strategies of cancers. 5 Immune checkpoint blockade was one of well-known strategies which aimed to promote the robust anti-tumor T cell response. Fortunately, some immune checkpoint inhibitors have been approved by FDA to treat melanoma, lung cancer and bladder cancer. 6, 7 Programmed cell death 1 ligand 2 (PD-L2, also called CD273), a ligand of programmed death-1 receptor (PD-1, CD297), could be induced on a wide variety of immune cells, endothelium cell, and tumor cells (including renal cell carcinoma, melanoma, gliomas, etc.) depending on microenvironment stimulus. [8] [9] [10] PD-L2 played a crucial role in modulation of T cell response, proliferation and might play a role in immune escape by human tumors, including non-small-cell lung cancer, esophageal cancer and B cell lymphoma. [11] [12] [13] Previous studies investigating the relationship between PD-L2 and survival indicated that patients with upregulated PD-L2 expression had a significantly worse overall survival than those with downregulated PD-L2. 14, 15 However, little information was available concerning the PD-L2 expression in glioma in past decades. Therefore, in this manuscript, we conducted a comprehensive analysis to explore the molecular and clinical characteristics of PD-L2 in glioma. We employed CGGA RNA sequencing data as training cohort and then validated our findings in TCGA dataset successfully. We found that PD-L2 was upregulated in GBM and IDH wild-type glioma and was an unfavorable prognostic biomarker for patients with glioma.
This comprehensive and integrative analysis revealed the clinical and functional roles of PD-L2, which might provide evidence for potential anti-PD-L2 treatment in glioma.
All RNA sequencing data of diffuse glioma patients from WHO II-IV were obtained from two independent databases: The CGGA dataset (n = 325) (http://www.cgga.org. cn) 16 and TCGA dataset (n = 1032) (http://cancergenome. nih.gov/). This research was approved by the Ethics Committee of Capital Medical University and all patients written informed consent. Overall survival data was collected from clinics during patient visits and/or phone interviews. Patients clinical and molecular features were described in Table S1 .
Immunohistochemical analysis
PD-L2 immunostains were done using formalin-fixed, paraffin-embedded tissues. Four-micrometer-thick sections were cut from each paraffin block, dewaxed in xylene, rinsed in graded ethanol, and rehydrated in double-distilled water. For antigen retrieval, slides were pretreated by steaming in sodium citrate buffer (10 mM sodium citrate, pH 6.0) for 15 min at 100°C. Anti-PD-L2 antibody (18251-1-AP, dilution:1:200, Proteintech) was used to detect PD-L2 protein expression. Each stained slide was individually reviewed and scored by two independent neuropathologists. Staining was scored using a four-point scale from 0-3: 0 = no staining or rare staining, 1 = 10% of cells positively stained, 2 = 10-30% of cells positively stained, 3 = > 30% of cells positively stained. Scores of 2 and 3 were defined as strong nuclear staining in at least 10% of the tumor cells. Scores of 0 and 1 were defined as positive staining in < 10% of cells. Negative controls without primary antibody and positive control tissues were included in all experiments to ensure the quality of the staining.
Isocitrate dehydrogenase (IDH1/2) mutations detection
In CGGA cohort, IDH1/2 mutations were detected by DNA pyro-sequencing as previous reported. 17 And the IDH1/2 mutations information were downloaded from TCGA website in TCGA cohort.
Statistical analysis
The overall survival difference was calculated by with the Kaplan-Meier method, and Cox regression analysis was performed by the survival package in R. Pearson correlation was used to determine significant differences. One-way ANOVA was used to test for differences among at least 3 groups. The Student's t-test was used to determine differences in each 2-group comparison. All figures and statistical analysis were performed based on R language for Windows, version 3.4.2 (http://www.r-project.org). All differences were considered statistically significant at the level of p < 0.05.
Result PD-L2 expression was upregulated in GBM and IDH wildtype glioma PD-L2 expression was analyzed according to the WHO grade system, histopathology and IDH mutation status in glioma. In CGGA cohort, PD-L2 expression was significantly increased with increasing grade of glioma and showed the highest expression level in GBM (p < 0.0001) (Figure 1(a) ). This result was well validated in TCGA cohort (Figure 1(c) ) which indicated that PD-L2 expression was closely linked to the malignancy of glioma. IDH mutation status was a well-known clinically relevant molecular marker in glioma. 18 Here, we separated glioma patients into IDH mutation group and IDH wild-type group and investigated the association between PD-L2 expression level and IDH status. In CGGA cohort, across different grades, we found that PD-L2 expression was significantly higher in IDH wild-type group than IDH mutation group (Figure 1(b) ). Similar result was shown in TCGA cohort ( Figure 1 (d)) though no statistical significance was detected in grade II group. To further characterize the relationship of PD-L2 expression level and tumor specimens, we measured PD-L2 level in glioma specimens from 9 patients (3 with grade II glioma, 3 with grade III glioma, and 3 with GBM) using immunohistochemical analysis. Representative immune-histochemical staining of PD-L2 in gliomas is illustrated in Figure 1 (e-g). Immunostained PD-L2 expression levels were significantly lower in grade II than in grade III gliomas (p = 0.0114) and lower in grade III than in GBM specimens (p = 0.0004). Those results suggested that PD-L2 expression was more prevalent in aggressive glioma.
PD-L2 expression was tightly correlated with mesenchymal subtype
To explore the relationship between PD-L2 and TCGAdefined molecular subtypes, we investigated the distribution of PD-L2 expression in four TCGA molecular subtypes. PD-L2 expression level was raised significantly in mesenchymal subtype than other three subtypes in both CGGA and TCGA cohorts (Figure 2 (a), 2(c)). Then we used PD-L2 expression and mesenchymal subtype to generate ROC curves. In CGGA cohort, the area under the curve (AUC) was 0.903. At the optimal cutoff value (1.412), the sensitivity and specificity were 91.9%, 80.5%, respectively (Figure 2(b) ). In TCGA cohort, AUC was 0.816. At the optimal cutoff value (2.87), the sensitivity and specificity were 81.9%,68.8%, respectively (Figure 2(d) ). This result showed that PD-L2 expression was highly specified in mesenchymal subtype and might serve as a biomarker to predict mesenchymal subtype for glioma.
Relationship between PD-L2 and immune response
To identify the biological function of PD-L2 in glioma, we executed Gene Oncology analysis with DAVID Bioinformatics Resources 6.8 (https://david.ncifcrf.gov/). Firstly, we screened the genes strongly correlated with PD-L2 (correlation |R| > 0.5) in each cohort. Totally, 829 positively-correlated genes and 180 negatively-related genes in TCGA dataset and 688 positively-correlated genes and 70 negatively-correlated genes in CGGA dataset were screened out for GO analysis, individually (Table S2) . We found that the PD-L2 positivelyrelated genes mainly focused on immune response (FDR = 1.63E-21, Benjamini = 2.29E-21), positive regulation of T cell proliferation function (FDR = 2.01E-04, Benjamini = 1.88E-05), defense response to virus (FDR = 3.50E-08, Benjamini = 7.02E-09), cytokine secretion (FDR = 0.001234438, Benjamini = 9.63E-05), positively regulation of NF-kappaB signaling(FDR = 6.33E-05, Benjamini = 6.84E-06) and cellular response to mechanical stimulus(FDR = 0.001, Benjamini = 1.12E-04) (Figure 3 
The strong association between PD-L2 and inflammation activities
To get a further comprehensive study of PD-L2-related immunologic biological processes in malignant tumor, we selected six inflammatory metagene clusters which were reported in our previous research 21 (Table S3 ). In both CGGA and TCGA datasets, we found that PD-L2 was significantly positively correlated with HCK, MHC-I and MHC-II and STAT1 while it exhibited a negative relationship with IgG (Figure 4(a), 4(b) ). The regulatory T cells (Tregs), formerly known as suppressor T cells, are a subpopulation of T cells that modulate the immune system. Then we investigated the relationship of Tregs signatures and PD-L2 expression. As shown in Fig S1, we found that PD-L2 expression was significantly positively correlation with Treg signatures expression. This result demonstrated that PD-L2 upregulated was associated with inflammation cells transduction signals activated in glioma and may play an important role in immunosuppressive functions.
Increased PD-L2 expression conferred a worse outcome
To further analyze the prognostic value of PD-L2, we divided glioma patients into PD-L2 low-expression group and highexpression group based on cut-off value (median PD-L2 expression level). As shown in Figure 5 (a), 5(c), in both CGGA and TCGA datasets, glioma patients of low expression group experienced significantly longer overall survival than their high expression counterparts. Similar Kaplan-Meier curves was significantly observed in lower grade gliomas (LGG) and GBM patients ( Figure 5(b) , 5(c), 5(e) and 5(f)). Consequently, we also explored the prognostic value of PD-L2 expression in patients of IDH mutant glioma and IDH wildtype glioma, respectively. As shown in Fig S2, patients who Figure 2 . Comparison of PD-L2 expression level in CGGA and TCGA cohorts with different TCGA molecular subtypes (a, c), PD-L2 was significantly increased in mesenchymal subtype (p < 0.0001). ROC curves exhibited highly sensitivity in predicting mesenchymal subtype (b, d). Receiver operating characteristic (ROC) curve for mesenchymal subtype prediction in CGGA and TCGA datasets. ROC curve analysis showed that PD-L2 had highly sensitivity and specificity to predict mesenchymal subtype in CGGA and TCGA database. Area under curve(AUC) was 0.903 and 0.816, respectively.
had a higher expression of PD-L2 had a shorter overall survival than their counterparts in both datasets. PD-L2 expression was a prognostic biomarker in gliomas independent of IDH mutation status. To further investigate the independent prognostic significance of PD-L2, we performed uni-and multivariate cox regression analysis in CGGA and TCGA datasets. Age, grade, IDH status and 1p/19q status showed statistically significant prognostic value in univariate analysis in both two datasets as previously reported. 3, 4, 22 On multivariate analysis, after adjusting for the four clinicopathological factors mentioned above, PD-L2 expression remained an independent prognostic factor for glioma patients (Figure 6(a), 6(b) ). These findings indicated that PD-L2 conferred a poor prognosis in glioma patients.
Discussion
Gliomas are the most common and malignant intracranial tumor, which universally relapse and lethal in adults. 23 Despite the advances of standards surgical resection, alone with radiotherapy and chemotherapy, median survival of glioma patients still improved at a very limited speed. Therefore, new therapeutic approaches were urgently needed. Cancer immunotherapies are becoming one of the most promising approaches in treating cancers today. The key to most immunotherapeutic manners is to enhance cytotoxic effects of CD8 + T cells. 5, 6, 24 In tumor cells surface, the ligands of immune checkpoint, particularly PD-L1, 25 PD-L2 15 and TIM-3, 26 would bind with checkpoint receptors on T cell surface. In malignant tumors, these immune checkpoint ligands are upregulated to shut down T cell neoantigen recognition and cytotoxic attacks against tumor cells. PD-L1, which was commonly expressed on normal cells and immune cells, could suppress T-cell activity and facilitate cancer progression. PD-L1 expression was significantly upregulated in GBM and was an independent unfavorable prognostic biomarker for glioma patients. 27 PD-1/PD-L1 pathway is critical axis for inducing T-cell exhaustion of glioma. 28 Antagonizing or blocking PD-1/ PD-L1 pathway to activate immune response and T cell function were well-recognized FDA-approved treatment approach. Patients suffering from non-clear-cell renal cell carcinoma, metastatic bladder cancer, melanoma and nonsmall cell lung carcinoma benefited from novel immunotherapeutic treatment.
29,30
However, anti-cancer Figure 5 . The PD-L2 survival curves of glioma, LGG and GBM in CGGA and TCGA cohorts. Kaplan-Meier survival analysis showed that high expression of PD-L2 conferred a significantly worse prognosis in glioma, LGG and GBM patients, respectively. Figure 6 . Forest plot of hazard ratios for overall survival assessed by PD-L2 expression and clinicopathological factors. PD-L2 expression was an independent prognostic factor after adjusting age, grade, IDH status and 1p19q status in TCGA and CGGA datasets.
strategies exhibited limited efficacy in gliomas, raising the requirement to better understand of treatment failure. One mechanism may be due to the PD-1/PD-L2 axis which could halt or limit the development of T cell response. 10, 31 Compared to PD-L1, normally, PD-L2 mainly expressed on antigen-presenting cells and remained lower basal expression. 8, 13, 32 Nevertheless, PD-L2 would be significantly upregulated by a series of cytokines which were stimulated by tumor microenvironment, such as IL-15 and IL-7. 9, 13, 33, 34 In recent years, emerging data has shown that PD-L2 mainly focused on inducing the phase of T cell immunity and response in esophageal squamous cell carcinoma, 35 colorectal cancer, 36 and hepatocellular carcinoma. 37 However, the potential roles of PD-L2 in glioma were relatively less studied than PD-L1.
In this study, to further explore the role and the distribution of PD-L2 in whole grade glioma, we took advantage of CGGA and TCGA data set and totally 1357 samples were enrolled into the analysis. As expected, PD-L2 expression level was significantly upregulated with increasing grade. Furthermore, PD-L2 expression was significantly higher in glioma of IDH wild-type group and might be a potential predicting marker for mesenchymal subtype. Those results indicated that PD-L2 expression level was tightly correlated with malignant process. The risk of patients with higher PD-L2 expression level in tumor recurrence and progression was greater than others.
Then we took an in-depth exploration of the biological function analysis of PD-L2 in glioma. GO analysis revealed that PD-L2 was correlated with immune response, regulating T-cell function, cytokine secretion and cellar response to mechanical stimulus. And the six metagenes clusters found that PD-L2 was positively correlated with APCs function and activated STAT1 pathway. These results were in line with PD-L2 function in other tumors that PD-L2 upregulation could affect T cell either in the induction phase or in the effector phase in the tumor. 38, 39 The clinical significance of immune response is different in malignant tumors. 40 Melanoma is characterized by the expression of several TAAs, which can be recognized by T cells, resulting in a strong immunological response to the tumor. However, melanoma can escape the immune system and continue to grow and metastasize. 41 In pancreatic cancer, higher levels of immune related responses were significantly associated with shorter survival. 42 Meanwhile, an increased immune response had a poorer prognosis in pancreatic ductal adenocarcinoma, prostate carcinoma 43 and ovarian cancer. 44 Therefore, some immune response functions exhibited protumorigenic functions in gliomas as well as in multiple malignancies. Hence, discovering the mechanism of PD-L2 expression in glioma may facilitate to vanquish this fatal disease. Additionally, Kaplan-Meier survival curves results depicted that patients with higher PD-L2 expression level were correlated with a significantly impaired overall survival either in whole grade gliomas, LGG or GBM. And uniand multi-variate cox regression analysis indicated that PD-L2 was an independent prognosticator for clinical outcome. These findings further verified that PD-L2 might be a crucial component for tumor inflammatory microenvironment that facilitated tumor growth.
Nowadays, many pre-clinical and clinical trials were submitted for investigating the therapeutic effect on blocking PD-1/PD-L1 pathway. However, the clinical researches of PD-L2 blocking strategies were rarely studied. In one study, the Panc02 murine pancreatic tumor model significantly decrease tumor growth rate by blocking PD-L2. 45 Their inspiring discovery rendered a reliable support to our research. Since clinical data for antagonizing PD-L2 in human glioma are scarce, more studies are warranted to reveal the function of PD-L2. Finding checkpoint blockade inhibitors with synergistic effect is an important direction for immunotherapies in the future.
Conclusion
As far as we know, this was the first study to explore the molecular and clinical roles of PD-L2 in glioma. PD-L2 expression was significantly associated with immune response function and act as an unfavorable prognostic predictor in glioma patients. Targeting PD-L2 either alone or in combination with PD-L1 may improve the efficacy of therapies in restoring the function of immune cells. 
Abbreviations

Disclosure of Potential Conflicts of Interest
The authors declare that they have no competing interests. 
